EVERAL studies of the relationship between cognitive and motor performance have relied on measures of walking speed during complex or dual-task tests in which participants are asked to walk while performing an additional task simultaneously, such as talking or calculating. These studies showed that, both in healthy and in demented participants, poorer executive performances were associated with slower motor performances and that more challenging tasks had a stronger infl uence ( 1 -6 ). However, as the dual-task methodology is not standardized -the choice of the second task varies across studies and some studies prioritize one task more than the other -comparisons across studies can be diffi cult.
S
EVERAL studies of the relationship between cognitive and motor performance have relied on measures of walking speed during complex or dual-task tests in which participants are asked to walk while performing an additional task simultaneously, such as talking or calculating. These studies showed that, both in healthy and in demented participants, poorer executive performances were associated with slower motor performances and that more challenging tasks had a stronger infl uence ( 1 -6 ) . However, as the dual-task methodology is not standardized -the choice of the second task varies across studies and some studies prioritize one task more than the other -comparisons across studies can be diffi cult.
Other studies based on simple walking speed have also reported cross-sectional associations between cognitive function and motor performance ( 7 -9 ) . However, most of these studies involved summary cognitive scores, tests of global cognition (as measured by the Mini-Mental State Examination [MMSE] or its modifi ed version), or a limited number of cognitive tests. Thus, it is unclear whether some specifi c cognitive processes, and particularly executive function, are more strongly related to walking speed. Moreover, few longitudinal studies have examined the relationship between specifi c cognitive domains and the decline in motor performance ( 10 , 11 ) . If specifi c aspects of cognition are indeed associated with walking speed, this could help to develop or target specifi c interventions intended to prevent or slow the associated decline in physical function. It would also help to identify the most appropriate tests to adjust for cognitive function in epidemiological studies of motor function.
We thus studied cross-sectional and longitudinal relationships between cognition and motor function in participants aged 65 -85 years enrolled in the Three-City (3C) Study. We examined the relationship between walking speed and performance in several cognitive tests and studied whether specifi c aspects of cognition are more specifi cally associated with walking speed.
Methods

Subjects
The 3C cohort study is ongoing in three French cities (Bordeaux, Dijon, and Montpellier) and is designed to estimate the risk of dementia and cognitive impairment attributable to vascular factors ( 12 At baseline, participants aged 85 years or younger were invited to the study center, whereas older participants were seen at home. Walking speed was measured only in participants who visited the study center, that is, in participants not more than 85 years old. Walking speed was measured at the study center at baseline and at the fourth follow-up examination (after a mean follow-up of 7 years), hereafter referred to as the follow-up examination. Thus, the longitudinal analyses are based on the change in walking speed between the baseline and the follow-up visit.
Of the 4,931 individuals recruited at baseline, 4,399 were aged 85 years and younger and visited the study center. Of these, 3,878 (88%) had at least one walking speed measurement and completed the battery of cognitive tests. Relative to participants with complete data, participants with missing data for either walking speed ( n = 517) or cognitive function ( n = 7) were older, had a higher body mass index (BMI), were more likely to use non -steroidal anti-infl ammatory drugs (NSAIDs) for joint pain, and were less likely to have osteoporosis. We excluded 109 additional participants who had one or more conditions strongly affecting motor or cognitive function (Parkinson ' s disease, n = 46; disabling stroke, n = 31; hip fracture, n = 10; dementia, n = 31). Thus, the baseline sample consisted of 3,769 persons (3,693 measures available for maximum walking speed [MWS] and 3,767 for usual walking speed). At follow-up, among the 3,693 participants whose MWS was measured at baseline, 352 had died, 446 were more than 85 years old, and 148 had developed one or more conditions affecting motor or cognitive function. As shown in Figure 1 , MWS was measured at the last follow-up visit in 1,732 of the remaining 2,747 participants.
Cognitive Tests
Five cognitive tests, chosen because they covered several cognitive domains and were sensitive to aging, were administered at baseline by trained psychologists.
The Isaacs Set Test (IST) measures verbal fl uency and verbal production speed. Participants are required to generate lists of words in four semantic categories. When shortened to 15 seconds, it includes a speed component that may explain its high sensitivity to changes at higher levels of cognition ( 13 , 14 ) . The Trail Making Test (TMT) assesses several cognitive skills, including visual scanning, psychomotor speed, and executive function ( 15 ) . It is a two-part paper-and-pencil task. In part A (TMT-A), participants draw a line connecting a series of numbers scattered across a page as quickly as possible, respecting the ascending numerical sequence. In part B (TMT-B), participants alternately connect numbers and letters in numerical and alphabetical order. The TMT-A assesses psychomotor speed, defi ned by the amount of time it takes a person to process a signal, prepare a response, and execute that response; it has been suggested that most age-related differences in cognition are due to a decrease in processing speed ( 16 ) . The TMT-B measures executive function and requires more cognitive fl exibility than the TMT-A ( 17 , 18 ) . We calculated the time taken to make a correct connection on the TMT-A and TMT-B by dividing the time to complete each part by the number of correct connections (expressed in seconds per correct connection) ( 19 ) . The Benton Visual Retention Test (BVRT) assesses immediate visual memory: A series of designs is presented for 10 seconds, and the participant is required to recognize each design among four possibilities ( 20 ) . The MMSE is a 30-item questionnaire that assesses global cognitive abilities ( 21 ) .
Walking Speed
Walking speed was measured over a 6-m course among participants aged 85 years or younger who visited the Dijon center. Participants were asked to walk at both their usual and maximum pace (without running) and were timed with a chronometer connected to two photoelectric cells placed at each extremity of the course. Walking speed was measured at the study center (not during home visits) at the baseline examination and the follow-up examination, both of which took place at the study center.
Similar relationships were observed between the cognitive test results and both maximal and usual walking speed. We focused on MWS because it showed more variability than usual walking speed ( SD , 0.31 and 0.21, respectively). In addition, MWS requires additional physical effort and highlights differences in function and fi tness.
Other Measurements
Sociodemographic and medical data were collected during home visits by trained psychologists. Participants were asked whether they were being treated for chronic illnesses such as Parkinson ' s disease and osteoporosis. Diabetes mellitus was defi ned by glycemia of 126 mg/dL or higher or use of antidiabetic treatment ( 22 ) . Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured, and hypertension was defi ned by SBP 160 mmHg or higher or DBP 95 mmHg or higher or by antihypertensive drug use ( 23 ) . Depressive symptoms were evaluated with the Center for Epidemiological Studies-Depression scale ( 24 ) . Smoker status was categorized as " never, " " former, " or " current " . Alcohol consumption was recorded as the stated number of drinks per week. BMI was computed from measured weight and height. Information on four instrumental activities of daily living (IADL4) known to be strongly associated with cognition (use of the telephone, use of public transportation or a car, medication use, and money management) was collected ( 25 ) ; participants were considered autonomous if they could perform the four activities unassisted. Physical activity was assessed as the frequency of participation to outdoors activities (eg, hiking, swimming). Use of psychotropic drugs (antidepressants, anxiolytics, benzodiazepines, hypnotics) and regular use of NSAIDs were also recorded.
Participants were screened for dementia, and a standardized clinical protocol was used to diagnose prevalent and incident dementia ( 12 ) . D ementia was diagnosed and classifi ed by local investigators based on Diagnostic and Statistical Manual of Mental Disorders, 4th edition (DSM-IV) criteria, with validation by a panel of independent neurologists.
Statistical Analysis
We excluded from our analyses participants with conditions that compromised motor function (Parkinson ' s disease, dementia, hip fracture in the previous 2 years, disabling stroke).
Analysis of covariance and the chi-square tests were used to assess the relationship between potential confounders and MWS.
Linear regression was used to study the cross-sectional relationship between MWS and each cognitive test result at baseline. MWS was considered as the dependent variable; each cognitive test was considered as the independent variable and entered in models as a continuous variable. Better performance is indicated by higher IST, BVRT, and MMSE scores and lower TMT-A and TMT-B scores. Because neither MWS nor the cognitive test results were normally Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/64A/10/1058/584957 by guest on 18 January 2019 distributed and because we wanted to compare the strength of the relationships between MWS and the different tests, we used z scores of log-transformed variables. Standardized regression coeffi cients and standards errors are reported.
In longitudinal analyses, we examined the annual rate of MWS change (difference between follow-up and baseline divided by the interval between the measures). This variable was considered as the outcome and its relationship with baseline cognitive performance was examined in linear models adjusted for baseline MWS and other confounders.
Two methods were used to assess whether certain cognitive tests were more specifi cally associated with MWS. First, fi ve separate models were built for the fi ve cognitive tests, and for both the cross-sectional and the longitudinal analyses: (i) because age, sex, education, and BMI are strong determinants of walking speed and/or cognitive function ( 26 -28 ) , all models were initially adjusted for these covariates after checking that there were no signifi cant interactions with the explanatory variables; (ii) multivariable analyses were performed by further adjusting for variables that were associated with motor and cognitive function (any of the cognitive tests) in the present study (cross-sectional analysis: hypertension, diabetes mellitus, depressive symptoms, use of NSAIDs and of psychotropic drugs, alcohol consumption, physical activity, and IADL4 autonomy; and longitudinal analysis: hypertension, depressive symptoms, diabetes mellitus, physical activity, and use of psychotropic drugs). Second, both for cross-sectional and for longitudinal analyses, we entered the fi ve cognitive tests in the same model as explanatory variables; other confounders were also included and we used a backward selection procedure (a two-tailed p value of .10 was required to remain in the model) to determine which cognitive tests remained associated with MWS independently of the others. We checked that there were no colinearity issues with this approach by estimating the variance infl ation factor.
All analyses were performed using SAS version 9.1 (SAS Institute Inc., Cary, NC).
Results
Baseline characteristics of the participants and their association with MWS are shown in Table 1 . Table 2 shows the association between the cognitive test results and MWS. After adjustment for age, sex, education, and BMI, poorer performance in each cognitive test was as- . After additional adjustment for other confounders (use of psychotropic drugs, NSAIDs, alcohol consumption, hypertension, depressive symptoms, diabetes mellitus, physical activity, and IADL4 autonomy), the parameters ' estimates were attenuated but all cognitive tests remained associated with MWS (model 2, Table 2 ). When we included the fi ve cognitive tests in the same model, only TMT-A, IST, and BRVT remained signifi cantly associated with MWS (model 3, Table 2 ). Figure 1 shows how participants were selected for longitudinal analyses. Participants for whom MWS values at follow-up were not available were older, less likely to be men, less educated, and had a higher baseline prevalence of vascular risk factors, a slower baseline MWS, and poorer baseline cognitive performances (results not shown). Among the baseline characteristics, faster MWS ( p < .0001), female sex ( p < .0001), older age ( p < .0001), low educational level ( p < .0001), higher BMI ( p < .0001), diabetes mellitus ( p = .002), depressive symptoms ( p = .007), hypertension ( p = .005), low physical activity level ( p < .0001), and psychotropic drug use ( p = .03) were associated with MWS decline.
After Table 3 ). When the fi ve cognitive tests were introduced in a multivariable model, the backward selection procedure identifi ed IST and TMT-A as the only predictors of MWS decline (model 3, Table 3 ).
When the cognitive test results were categorized in quartiles, we observed a dose -effect association for all the tests in cross-sectional analyses but only for IST and TMT-A in longitudinal analyses (data not shown). Similar fi ndings were observed when we assessed executive function using scores such as time on TMT-B minus time on TMT-A or time/correct connection on TMT-B minus time/correct connection on TMT-A (data not shown).
Comment
In a large sample of participants aged 65 -85 years, poor performance in tests assessing psychomotor speed and verbal fl uency was associated both with slower walking speed at baseline and with the degree of decline in walking speed over time. These associations were independent of age, sex, education, BMI, and other confounders.
Our fi ndings are consistent with those of other crosssectional studies showing an association between cognition and physical performance ( 1 , 2 , 7 , 29 , 30 ). However, we studied several cognitive domains simultaneously and found that two, verbal fl uency and psychomotor speed, were more specifi cally associated with MWS. A study of the association between physical and cognitive functions also reported that walking speed was more strongly associated with the digital symbol substitution test, which measures psychomotor speed ( 31 ), than with a test of global cognition (Modifi ed Mini-Mental State [3MS] Examination) ( 8 ) .
Few prospective studies have examined the relationship between cognitive performances and motor decline ( 10 , 11 , 28 , 32 -35 ) , and even fewer have focused on specifi c cognitive domains. In the Italian Longitudinal Study on Aging, motor performance was based on a summary score for six motor tasks, including normal walking speed on a 5-m course. The investigators did not specifi cally assess psychomotor speed or verbal fl uency, but they did evaluate attention, global cognition, and memory and found that only impaired attention was associated with motor decline after 3 years ( 10 ). In contrast with the Health Aging and Body Composition (ABC) Study group ( 11 ), we found that global cognition did not predict motor decline. The psychometric properties of the tests used to assess global function may account for this discrepancy. Indeed, the 3MS Examination is superior to MMSE as a * We present the mean or percent of each characteristic by MWS dichotomized at its median. However, the relation between MWS and each variable was studied using linear regression models with MWS as the dependent variable ( p values † <.001; ‡ <.05).
§ Defi ned as a Center for Epidemiological Studies-Depression score ≥ 17 for men or ≥ 23 for women. ‖ Ability to perform IADL4 without help (use of telephone, use of public transportation or car, medication use, management of money). ¶ For comparison with other studies, the mean time to perform the test is presented. * Based on z scores of log-transformed MWS and cognitive tests. Cognitive tests are considered as continuous independent variables. † Adjustment for age, sex, education, and BMI. ‡ Additional adjustment for use of psychotropic drugs, NSAIDs, alcohol drinking, hypertension, depressive symptoms, diabetes mellitus, IADL4 autonomy, physical activity.
§ All fi ve cognitive tests were included in the model; variables retained in the model were those with a p value ≤ .10 using a backward selection procedure. Variables retained in the fi nal model were IST, TMT-A, BVRT, age, sex, education level, BMI, use of psychotropic drugs, NSAIDs, alcohol drinking, hypertension, depressive symptoms, IADL4 autonomy, and physical activity.
‖ Seconds per correct connection.
Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/64A/10/1058/584957 by guest on 18 January 2019 screening tool for cognitive impairment and dementia in terms of sensitivity and specifi city ( 36 ) ; in addition, unlike the MMSE, it includes a measure of verbal fl uency. Furthermore, at baseline, participants included in our study were younger and had a lower BMI and prevalence of comorbid conditions (eg, diabetes mellitus, coronary heart disease) than those from the Health ABC Study; this may lead to an increased rate of decline in motor function in the latter study and therefore to an increased power to show an association with any predictor, including cognitive function. Nonetheless, our results, based on performance in a single task, suggest that walking speed is more particularly associated with psychomotor speed and verbal fl uency than with executive function. Both the TMT-A and the IST are timed (as walking speed measurements are) and therefore involve a speed component. Verbal fl uency also involves memory (lexical) storage and retrieval, response inhibition (a component of executive function), and psychomotor mechanisms. Two recent studies show that decreased verbal fl uency (oral or written semantic) in healthy elderly people is partially explained by a decrease in psychomotor speed, even after adjustment for the lexical level, education, and executive defi cits ( 37 , 38 ) . Thus, verbal fl uency may be associated with motor decline via its psychomotor component. Although the executive component of the IST might contribute to explain the association of verbal fl uency with motor function in our study, the TMT-B test did not predict the decline in walking speed, suggesting that executive function may be a less important predictor of motor decline than psychomotor speed is.
The association between cognitive and physical functions may be explained in several ways. These two functions may share common risk factors, such as vascular risk factors. Indeed, white matter lesions (WML) seen on brain magnetic resonance imaging, which are thought to have a vascular pathogenesis ( 39 ) , are associated with both cognitive and motor dysfunction ( 40 , 41 ) . Moreover, some studies have shown an association between WML and reduced processing speed ( 42 ) . It is also conceivable that poor cognitive function may negatively affect motor system control. However, although some studies have shown that cognitive dysfunction is associated with a higher risk of motor decline ( 10 ), others have suggested that gait impairment might be an early marker of subsequent cognitive impairment ( 43 ) or that cognitive and physical decline might occur concomitantly ( 32 ) .
The strengths of our study include its large size, the concordant results of our cross-sectional and longitudinal analyses, the use of a performance-based measure of physical function (more reliable than self-reported performance), the evaluation of several cognitive domains, and the assessment of numerous confounders.
However, because the participants were not representative of the general population, our results must be interpreted with care. In addition, follow-up MWS measurements were missing for some participants. These participants were older, overall less healthy, and more impaired than those included in the analyses; however, we looked at the baseline relation between the walking speed and the cognitive tests in persons who had a second measure and in persons who had not, and we found that the association was independent of the availability of a follow-up measure of walking speed. Finally, as we only measured MWS at two time points, we were unable to determine whether walking speed declined at a constant rate between the baseline and the follow-up examinations.
Conclusions
This study shows a cross-sectional and longitudinal association between cognition and walking speed in communitydwelling elderly participants. Among the different cognitive domains evaluated, only psychomotor speed and verbal fl uency were associated with the degree of decline in walking speed over time. These fi ndings provide further evidence that specifi c aspects of cognition are more particularly 
